Genetic relatedness cannot explain social preferences in black-and-white 1 ruffed lemurs (Varecia variegata). 2 3 ABSTRACT 4
for, suggesting that other social, ecological, and biological factors such as shared 24 resource defense or communal breeding might also play a role in social attraction. 25
Our results further highlight the need to consider individual space use and 26 nuances of species behavior when investigating social preference and social 27 association more generally. 28 29 Keywords: social network analysis, range use, spatial overlap, Association Index, 30 kinship, fission-fusion, microsatellites, primates 31
INTRODUCTION 33
Animal social systems reflect non-random relationships among 34 neighbouring conspecifics, the content, quality, and patterning of which define 35 their social structure (Hinde, 1976) . In fact, there is growing evidence that taxa as 36 diverse as fishes, lizards, birds, cetaceans, and equids exhibit social associations 37 and interactions that are not only non-random, but highly structured (Augusto, 38 preferences for particular social associates (e.g., Cords, 2002 Whitehead, 1996) . Similarly, males 55 that form strong social bonds have been shown to be more successful at forming 56 coalitions, achieving high rank, and siring more offspring than males with weaker 57 Several hypotheses have been proposed to explain social association, the 63 most popular being kinship, whereby group members preferentially associate 64 with and, in the case of kin selection, are more likely to direct costly altruistic 65 behaviours toward close genetic relatives (Hamilton, 1964) . For instance, many 66 female mammals associate with and exhibit social preferences toward maternal 67 kin (Smith, 2014) , a pattern observed in primates in particular (reviewed in 68 Langergraber, 2012) , but also in spotted hyaenas (Wahaj et al., 2004) , African 69 elephants (Archie, Moss, & Alberts, 2006) , dolphins (Frère et al., 2010) , and 70 mountain goats (Godde, Côté, & Réale, 2015) , among others. Social preferences 71 toward kin can be driven by the benefits of associating with relatives, such as 72 allomaternal care (reviewed in Briga, Pen, & Wright, 2012; Pope, 2000 ; and in 73 some cases even brood parasitism, Andersson, 2017) Individuals never use the entire communal territory, instead concentrating their 126 ranging to proportionately smaller areas that overlap with as few as four (25%) to 127 as many as twelve (75%) other community members (Baden & Gerber, n.d.) . Baden, 2011; Baden et al., 2013) . Taken together, these lines of evidence 139 suggest that during subgroup formation community members may be actively 140 choosing social associates, and that these associations may be shaped by a 141 number of ecological, social, and biological factors. Here, we hypothesize (H1) 142 that social associations among members of a black-and-white ruffed lemur 143 (Varecia variegata) community are driven by space use and kinship. Specifically, 144
we quantify dyadic measures of association strength, spatial overlap, and 145 relatedness to test the predictions that members with higher home range overlap 146 (P1.1) and relatedness (P1.2) will associate more often than dyads which exhibit 147 disparate range use or are unrelated. Moreover, because previous studies have 148 found a relationship between social preference and kinship, we further 149 hypothesize (H2) that relatedness will drive association preferences (P2.1), with 150 preferred associates being more related than non-preferred dyads. Baden et al., 2016 for specific details; see also Ethical note below). Animals were 163 collared under veterinary supervision following a strict protocol (Glander, 1993) . allowing that information to be used as a benchmark to evaluate this and other 203 populations should they experience epidemic disease or population decline. 204
Observers never interact with subjects outside of the capture period. Utmost care 205 was taken to minimize the impact of our presence on our subjects during 206 captures and subsequent behavioral observations. Observations were conducted 207 noninvasively at a minimum observer distance of 10 m from the focal subject. 208
When in the presence of subjects, observers speak quietly and make efforts to 209 not disturb the individual. No more than four observers are allowed to participate 210 in observations at any one time. Subjects were target for focal observations, at 211 most, twice per month. Permission to conduct research was granted by 212
Madagascar's National Parks (ANGAP/MNP, #084/07-041/08). Research 213 protocols were approved by and in compliance with Stony Brook University 214
Data collection 217

Behavioural monitoring 218
We collected data during dawn to dusk follows of focal individuals. We 219 located focal subjects at the beginning of each observation period via radio-220 telemetry and selected new subjects daily. We never sampled focal subjects on 221 consecutive days and every effort was made to follow all subjects at least once 222 per month. If an individual with a collar-tag was located in association with a 223 radio-collared focal individual prior to 10:00 h, this individual became the new 224 focal subject for that observation period. Observational periods ranged in 225 duration between 8 to 11 hours depending on seasonal differences in day length 226 and time needed to locate animals at dawn. After initial contact, we monitored subsequent changes in subgroup size, 239 composition (age/sex class, individual identity), and cohesion (i.e., the greatest 240 distance between any two subgroup members), as well as activity state of the 241 focal subject using instantaneous scan sampling techniques collected at 5 min 242 intervals (Altmann, 1974) . Sampling efforts resulted in a total of 4,044 focal 243 observation hours, during which time we recorded 40,840 group scans. 244
We collected simultaneous GPS coordinates at 10 min intervals from as 245 close to the focal individual as possible to document daily individual range use. 246
We recorded spatial coordinates only if estimated positional error was less than 247 10 m. 248 249
Genetic sampling 250
In addition, we collected genetic samples from 38 black-and-white ruffed 
Social association 269
In this study, we define social association as individuals being present in 270 the same subgroup at the same time. We considered social preferences to occur 271 (that is, the dyad was composed of "preferred associates") when dyads had a 272 significantly stronger strength of association than other dyads in the community 273 (see "Relatedness among preferred associates" below). This species is typically 274 described as being "female-bonded" (Morland 1991a), in line with the definition 275 that to be 'socially bonded' requires that multiple, independent types of 276 associations or interactions are significantly higher than expected (Whitehead, 277 2008 ). We do not examine social bonds in this study because we only focus on a 278 single measure of association. Finally, we also use the term "social tie" in the 279 network sense (e.g., Wasserman and Faust, 1994; Croft et al., 2008) : individuals 280 that have a social tie have a nonzero association index and a "stronger tie" has a 281 higher association index. 282
Sampling was biased toward radio-collared females; we therefore 283 subsampled our data prior to association analyses. Details are presented in 284 primer was fluorescently labeled, and amplification products were separated and 342 visualized using capillary electrophoresis (ABI 3730xl Genetic Analyzer). We 343 assessed allele sizes relative to an internal size standard (ROX-500) using Gene 344
Mapper software (Applied Biosystems), and scored final genotypes based on 345 multiple independent reactions (Taberlet, 1996) . Panels yielded PIsib (Queller & 346 Goodnight, 1989) values of 2.7×10 −5 , demonstrating the very low probability that 347 two individuals would share the same multilocus genotype by chance. We further 348 tested the robusticity of this suite of loci for estimating relatedness with a 349 rarefaction analysis as in Altmann & Alberts (1996) 
Relationships among social associations, spatial overlap, and relatedness 362
We used a series of Mantel tests followed by a multiple regression 363 quadratic assignment procedure (MRQAP) to test our first hypothesis (H1), that 364 association strength was driven by spatial overlap and relatedness. We first used 365
Mantel tests to examine whether association indices were independently related 366 to either spatial overlap (P1.1) or relatedness (P1.2), as well as to test for a 367 correlation between spatial overlap and relatedness (Mantel, 1967) . We further 368 . Therefore, in addition to the analyses described 382 above, we used generalized linear models to test our second hypothesis (H2) 383 that relatedness between two individuals in a dyad predicted whether they were 384 "preferred" associates. Here, we define "preferred associates" (we also use 385 "social preference") as dyads exhibiting significantly higher association indices 386 than other dyads in the community. 387
We identified preferred associates in our overall dataset (described in 388 "Social association" above) using SOCPROG 2.9's (Whitehead, 2009) (2008). We used the "permute associations within samples" option, along with 391 1000 flips per permutation and 10,000 permutations. We classified dyads as 392 preferred associates if the dyad's AI was significantly high (one-tailed a = 0.05). 393
We next used logistic regression analysis, implemented using Scikit-learn 394 in Python (Pedregosa et al., 2011) to test if relatedness of a dyad (independent 395 variable; measured using continuous relatedness values calculated as described 396 in "Relatedness" above) predicted whether members in that dyad were preferred 397 associates (P2.1; dependent variable; binary response of "preferred" or "not" 398 based on SOCPROG permutation analyses). To assess significance, we 399 compared the coefficient of the regression model to a "null" distribution of 400 coefficients generated from 10,000 randomizations of the model. have no spatial overlap among home ranges (i.e., UDOI = 0.00), whereas b) 431
females Radio-Yellow and Radio-Red and c) females Radio-Blue and Radio-432
Green share some (UDOI = 0.106) to nearly complete home range overlap 433 (UDOI = 0.951), respectively. 434
435
Relatedness 436 437
Genotypes were 93% complete; all subjects (n = 38) were scored for at 438 least 12 loci (average = 14, range = 12 to 15). Allelic richness was 4.33 and 439 average observed heterozygosity was 0.400. There were no significant 440 deviations from Hardy-Weinberg Equilibrium for any of the loci examined, nor 441 was there evidence of null alleles. 442
Results of the rarefaction curve (y = 0.7991, r 2 =0.9992) showed average 443 relatedness values stabilizing after 5 loci, with the difference between mean 444 relatedness using 5 and 6 loci changing by only 0.95% (0.023), and the 445 difference between using 6 and 7 loci changing by only 0.56% (0.016). Thus, 446 subsequent dyadic r-value calculations included all possible dyads (n = 703 447 dyads), as all individuals could be compared at 5 or more loci. Average pairwise 448 relatedness among adults within the community was -0.06 ± 0.02 and ranged 449 from -0.72 to 0.65 (Table 1; Figure 2) . 450 451 Nodes are organized according to individual home range centroids. 461 462 Fewer than ten percent (8.8%) of dyads within the community were 463 genetic relatives. Despite this, more than three-quarters of adult females (n=6 of 464 7 for which genetic data were available; 85.7%) and all of adult males (n=11 of 465 11; 100%) were related (r ≥ 0.25) to at least one, and up to as many as three 466 other same-sex relative(s) within the community (Figure 2) . 467
Relationships among social associations, spatial overlap, and relatedness 469
Using the full dataset, Mantel tests revealed that kinship was unrelated to 470 either home range overlap (UDOI; n = 25, r = 0.047 p = 0.724) or association 471 indices (AI; n = 14, r = 0.120, p = 0.294), whereas UDOI and AI were significantly 472 correlated (n = 17, r = 0.789, p << 0.001; Figure 3 ). This pattern held across all 473 three reproductive seasons (Table 2) . It is worth noting, however, that the 474 correlation coefficient between UDOI and AI in the nonbreeding season was 475 much lower, albeit still significantly positive, than the mating/gestation and 476 birth/lactation seasons, which were very similar (Table 2) . Similarly, when we 477 used MRQAPs to jointly analyze the effects of UDOI, kinship, and sex on AI, in 478 every time period we analyzed, the partial correlations between UDOI and AI 479
were always significantly positive, while kinship and sex were never significantly 480 correlated with AI (Table 3) . These results support prediction P1.1, but do not 481 support prediction P1.2. 482 
Relatedness among preferred associates 508
We identified 18 (of 136 total) pairs of preferred associates, i.e., dyads 509
with AIs that were significantly higher than other dyads in the community. Of 510 these preferred associates, we were able to determine relatedness for 11 (91 511 total dyads with data for association and relatedness). Our logistic regression 512 model revealed that relatedness did not predict whether a pair of individuals 513 became preferred associates (coefficient = 0.087, p = 0.41) and thus did not 514 support prediction P2.1. 515
516
Discussion 517
Results from this study illustrate complex relationships among social 518 association, space use, and kinship in wild black-and-white ruffed lemurs, 519 patterns that-while unusual for primates-are well aligned with much of the 520 broader mammalian literature. We found that ruffed lemur social associations 521 varied immensely, ranging from no association between some individuals to 522 dyads observed together more than 75% of the time. From a community 523 perspective, the social network was sparse, with weak associations (AIs) being 524 common. Similarly, home range overlap was minimal and average relatedness 525 among community members was low. These patterns were consistent throughout 526 the year and across reproductive seasons. Together, these and earlier lines of 527 evidence (e.g., Baden, 2011; Baden et al., 2016) can be used to characterize 528 ruffed lemurs as having a spatiotemporally dispersed fission-fusion social 529 organization with weak social and kinship ties. 530
Kin selection theory (Hamilton, 1964) has long been invoked to explain the 531 social preferences observed among mammals (e.g., Archie et al., 2006; Frère et 532 al., 2010; Godde et al., 2015; Smith, 2014; Wahaj et al., 2004) , particularly in 533 primates (reviewed in Langergraber, 2012; Silk, 2002) . In this study, however, we 534 found no evidence that kinship structured either spatial overlap or social 535 association overall in the community. In contrast to other fission-fusion species 536 exhibiting similar patterns (Carter et al. 2013; Best et al. 2014) , we further found 537 that relatedness did not predict social preference. Instead, the closest social ties 538 in the community appear to occur primarily between females and their 539 preferred-and often unrelated-male social partners, followed by mothers and 540 their pre-dispersal-aged subadult and adult offspring. Nevertheless, although 541 fewer than ten percent (8.8%) of adult dyads within the community were genetic 542 relatives, nearly three-quarters of adult females (85.7%) and all of adult males 543 (100%) were closely related to at least one, and up to as many as three other 544 same-sex relative(s). Thus, while our relatedness estimates suggest that ruffed 545 lemur communities include both kin and non-kin, and that preferred associates 546 are sometimes close relatives, kin are not forming spatial or social networks 547 across the larger communal range. These patterns contrast with the spatially 548 structured matrilines described in Microcebus murinus ( These results build on growing evidence that space use is an important 562 predictor of social association-perhaps moreso than kinship-particularly in To this point, we found that while home range overlap explained most of 578 the variation seen in social association in ruffed lemurs, some variation remained 579
unaccounted for, suggesting that other social, ecological, and biological factors 580 must also be at play. However, it is possible that even weak or infrequent social 581 associations may facilitate cooperative resource defense against other 582 frugivorous competitors. For instance, ruffed lemurs actively defend fruit-bearing 583 trees against larger brown lemur (Genus Eulemur) groups for days or even 584 weeks during the resource scarce austral winter (Baden, personal observation). 585
Perhaps social association during these times better equips otherwise solitary 586 individuals to defend valuable fruit resources against interspecific competitors. 587
Under this scenario, we would predict higher AIs during resource scarce 588 seasons, periods that correspond primarily with mating/gestation, but also 589 birth/lactation seasons. However, AIs were lowest in the nonbreeding, resource 590 abundant periods (though not significantly so), lending minimal support for this 591 hypothesis. It is possible, however, that home range overlap as measured by 592
UDOIs was insufficient to characterize the spatiotemporal component of 593 associations at highly contested resources. Future analyses may therefore 594 benefit from a more nuanced investigation of the spatially explicit role valuable 595 resources play in the social associations of this species. 596
In addition, communal breeding plays an important role in female 597 reproductive success in this species and might also be 598 important in driving social preferences. For instance, recent work suggests social 599 networks in guppies may be structured by the propensity for non-kin to cooperate 600 (Croft et al., 2009 ), which could lead to the maintenance of cooperation in the 601 absence of kin assortment (Fletcher & Doebeli, 2009 ). These lines of research 602 offer exciting opportunities to better understand the myriad factors shaping social 603 preferences in fission-fusion species. 604
Nevertheless, shared space use does not always necessitate social 605 association. In this study, we found that not all dyads with a high degree of home 606 range overlap were close social associates. Indeed, many dyads with nonzero 607 spatial overlap were never observed together. Similar patterns have been 608 observed in dolphins, giraffes, and water dragons, wherein subjects did not 609 associate, despite sharing complete or near complete home range overlap (i.e., predator avoidance, social avoidance can be costly. Thus, in future studies, it will 615 be critical to simultaneously consider the consequences of both social attraction 616 and avoidance when studying the evolution of sociality. 617
Together, these and earlier results raise important questions related to 618 causation. What motivates social association? Are individuals that bias their time 619 toward overlapping areas simply more likely to associate? Or, in cases where 620 patterns of spatial overlap and social association do not align, is there some 621 additional force shaping these spatial and social decisions? Evaluating these and 622 other alternatives require further investigation. 
